Abstract Two experiments examined the integration of visual and proprioceptive information concerning the location of an unseen hand, using a mirror positioned along the midsagittal plane. In experiment 1, participants tapped the fingers of both hands in synchrony, while viewing the mirror-reflection of their left hand. After 6 s, participants made reaching movements to a target with their unseen right hand behind the mirror. Reaches were accurate when visually and proprioceptively specified hand positions were congruent prior to the reach, but significantly biased by vision when the visual location conflicted with the real location. This effect was independent of the target location and depended strongly upon the relative position of the mirrorreflected hand. In experiment 2, participants made reaching movements following 4, 8, or 12 s active visuomotor or passive visual exposure to the mirror, or following passive exposure without the mirror. Reaching was biased more by the visual location following active visuomotor compared to passive visual exposure, and this bias increased with the duration of visual exposure. These results suggest that the felt position of the hand depends upon an integrated, weighted sum of visual and proprioceptive information. Visual information is weighted more strongly under active visuomotor than passive visual exposure, and with increasing exposure duration to the mirror reflected hand.
Introduction
When a mirror is oriented in the frontal plane, and we look at the reflection of our body in it, our mirror-reflected left hand appears on the left of our visual field, and our right hand on the right (see Gregory 1996 for a review). If a mirror is oriented in the sagittal plane, however, with its reflective surface facing one side only, the reflection of a right hand seen in the mirror now appears to occupy a position on the left side of space (i.e. as if seen through the mirror). This reversal across the midline in the mirror induces the illusory experience of feeling one's left hand, for example, in the position where one sees the reflection of one's right hand (Ramachandran et al. 1995; Ramachandran and RogersRamachandran 1996 ; see also Harris 1965; Shimojo 1987) . The experience of this illusion has a number of sensorimotor consequences (Burnett 1904; Jackson and Zangwill 1953; Lajoie et al. 1992; Ramachandran et al. 1995 Ramachandran et al. , 1997 Altschuler et al. 1999; Binkofski et al. 1999; Sathian et al. 2000; Balslev et al. 2004; Franz and Packman 2004; Ro et al. 2004 ; see also Nielsen 1963) , including biasing the terminal error of simple reaching movements made with the unseen hand to a target position behind the mirror .
One recent theoretical approach to the integration of vision and proprioception in perceiving the position of the hands has examined the relative ''weighting'' of the two sources of sensory information under a variety of conditions (e.g. van Beers et al. 1999b) . It is now clear that positional information tends to be integrated in a statistically optimal fashion, weighting the inputs from different modalities in accordance with their relative precision (i.e. in inverse proportion to their variance: van Beers et al. 1998 van Beers et al. , 1999b van Beers et al. , 2002 Ernst and Banks 2002; Ernst and Bu¨lthoff 2004) . As the reliability of a particular source of information increases, the relative weighting of that information in the representation of hand location and motor control is also increased. Recent studies have shown that visual information is more reliable than proprioceptive information in the azimuthal plane, while proprioceptive information is more reliable than visual information in the radial depth plane, centred on the shoulder of the relevant arm (van Beers et al. 1998; Haggard et al. 2000) . Additionally, this reliability depends upon the state of the organism and environment, and upon the task being performed. Proprioceptive information is more reliable during active movements made by the participant as compared to passive movements (Welch et al. 1979; van Beers et al. 2002; Chokron et al. 2004 ). Visual information is reliable when the lights are on, but is less reliable when a single target is viewed in otherwise complete darkness (MonWilliams et al. 1997; Plooy et al. 1998) . The relative weighting given to one source of information over another may also depend upon instructional, attentional, and/or other cognitive task demands (Pick et al. 1969; Canon 1970 Canon , 1971 Welch 1972; Kelso et al. 1975; Shimojo 1987) .
One limitation of several such studies of the relative weighting of visual and proprioceptive information is that the available visual information is, often necessarily, impoverished. Visual targets are often specified by a single point of light in an otherwise dark room, and participants are often denied vision of their own hands during reaching movements (e.g. Welch 1972; Rossetti et al. 1995; Desmurget et al. 1997; van Beers et al. 1998 van Beers et al. , 1999a van Beers et al. , b, 2002 Lateiner and Sainburg 2003) . In normal, everyday situations, we have full vision of our body as it moves towards visible targets in extrapersonal space-visual information specifies not only the target location, but also the location of the body part used to intercept it. In our recent research, we have focussed on the integration of visual and proprioceptive information in the perception of the body itself, rather than on the perception of targets or locations in space. To this end, we have manipulated the felt location of the hand by using a mirror oriented in the midsagittal plane, and examined the effects of shifts in the felt position of the hand on subsequent reaching movements made with that hand .
We found previously that the terminal error of reaching movements depended linearly upon the spatial conflict between the visually specified apparent position of the reaching hand and the true position of that hand, suggesting that visual and proprioceptive information concerning the location of the hand were being integrated in a lawful, weight-dependent fashion. Since the visual information concerning hand position was in fact unreliable, the optimal weighting of visual and proprioceptive information in terms of minimising reaching errors would have been to disregard visual information completely. The fact that participants do not, or cannot, do this probably reflects the operation of a rapid, automatic, and unavoidable process, integrating visual and proprioceptive information into a coherent, but (in this case) erroneous, multisensory representation of hand position.
In the present experiments, we aimed to clarify the spatial and temporal factors that affect the representation of hand position and its effects on subsequent reaching movements. Experiment 1 aimed both to replicate the mirror-induced bias of reaching movements, and to eliminate one possible interpretation of the effect. Rather than being the result of an integration of visual and proprioceptive information concerning hand position, the effect of the mirror may have been simply to degrade proprioceptive information. Following such uncertainty about their hand position, participants may have used a strategy such as ''reach straight ahead'', possibly correcting their movement towards the end of the reach, based on newly acquired dynamic proprioceptive information. To test for this possibility in experiment 1, the position of the mirror-reflected hand was manipulated between blocks of trials, and the position of the target was manipulated between groups of participants. If no genuine visual-proprioceptive integration occurred, there would be no effect of the mirrorhand position manipulation within participants, but a strong effect of manipulating the target position between groups. Conversely, if the terminal error depends upon the integration of visual and proprioceptive information, then different mirror-hand positions will induce reaching errors in different directions, depending on the direction and magnitude of the conflicting visual and proprioceptive information. In short, we predicted a significant influence of the left (mirror-reflected) hand position when the mirror is present, but not when it is absent, and no main effect of the target position.
In experiment 2, we manipulated the quality and quantity of visual information provided to the participant. In the mirror-active condition, participants tapped the fingers of both hands synchronously and symmetrically while gazing at the hand in the mirror. In the mirror-passive condition, participants simply gazed at the mirror-hand while keeping both hands still. In the no-mirror passive condition, participants gazed towards their left hand, but the mirror was covered. If the mirror-induced visual bias depends upon active visuomotor experience, then reaching bias will be greater in the mirror active condition than in the other conditions. If the mirror-induced bias depends only on visual exposure to the conflict, then mirror-active and mirror-passive biases will be of similar magnitudes, both greater than the no-mirror bias. In each condition, three exposure durations (4, 8, and 12 s) were tested to determine whether longer exposure to the visual-proprioceptive conflict induces greater reaching biases only in the critical condition(s). If bias increased with exposure duration, this would be evidence for a gradual, visual recalibration of proprioception (similar to visuomotor adaptation following prismatic displacements of the visual field), rather than of an all-or-none ''visual capture'' phenomenon (e.g. Wertheimer and Arena 1959; Hay et al. 1965; Efstathiou 1969; Welch 1971; Welch et al. 1979 ).
Materials and methods

Participants
Sixty-five right-handed participants (47 female, mean age 23.4 years, range 18-40 years, all students or staff from the University of Oxford) with normal or corrected vision were recruited by advertisement. Participants were either paid 5 UK sterling for their time, or else took part for course credit. Participants gave their informed consent prior to taking part in the experiments. All of the participants apart from one (one of the authors, N.P.H.) were naive to the purpose of the study. The experiment was approved by the local research ethics committee, was conducted in accordance with the Declaration of Helsinki, and participants gave their informed consent prior to taking part.
Apparatus and materials
A mirror measuring 45·30 cm was positioned vertically in the middle of a table, with the reflective surface facing to the participant's left, and oriented parallel to the participant's midsagittal axis (see Fig. 1 ). An opaque platform measuring 45·45 cm, raised 20 cm above the table surface, was positioned immediately to the right of the mirror. Two small marks were positioned on the table, 12 and 19 cm to the left of the mirror, 30 cm in front of the participant. Similar marks were positioned 5, 12, 19, and 26 cm to the right of the mirror, out of the participant's view. A cardboard target position indicator (10·10 cm, with a vertical arrow in the middle of the card) was positioned within the participant's view on top and at the rear of the platform. The target position indicator pointed towards a position 12 or 19 cm to the right and at the back edge of the mirror (i.e. 45 cm along the table from the participant's body, requiring a reach from the starting positions of 15 cm forward). An opaque cloth was draped over the participant's right arm and shoulder to prevent direct vision of their right hand. The experimenter operated an electronic stopwatch to time the duration of exposure on each trial.
Experiment 1
Twenty participants were assigned sequentially to one of two groups, for whom the target was positioned either 12 or 19 cm to the right of the mirror. Within each group, there were four conditions, the order of which was counterbalanced across participants: A factorial design of two left-hand positions (12 and 19 cm), and two mirror conditions (mirror and no-mirror). Within each condition, there were four right hand positions, the presentation order of which was randomised within blocks. Six trials were performed for each of the four conditions and four right hand positions (i.e. 6·2·2·4=96 trials per participant).
Participants sat facing the table, with their midline just to the left of the mirror. The participant's left index finger was placed either 12 or 19 cm to the left of the mirror and 30 cm in front of their body. The participant's right hand was positioned under the platform, with their right index finger at one of the four right hand positions, 30 cm from their body. The participants were instructed to look at the reflection of their left lower arm and hand in the mirror (specifically, at the reflection of their left index finger). When both hands were positioned on the 12 cm marks (or both on the 19 cm marks), the mirror reflection of the left hand appeared to be in the same position as the true (i.e. proprioceptively specified) position of the right hand. In all other right hand positions, the visually and the proprioceptively specified position of the right hand conflicted.
In a practice session at the start of the experiment, participants made repeated reaching movements with their right index finger towards the target position, until they could reach consistently to within 2 cm of the target position. The experimenter gave feedback after each practice reach, by moving the participant's index finger to the target position, and by saying whether they had landed to the left or to the right of the target from their perspective. No further feedback was given after this practise session. Participants then viewed their left hand in the mirror, and tapped the fingers of their two hands synchronously and symmetrically, until they felt that the mirror reflection of their left hand seemed to be identical to the real right hand. This ''latching-on'' to the mirror reflection was a purely subjective judgment and served only to illustrate to the participants the nature of the ''mirror illusion'' they might experience.
Each experimental trial began with the experimenter moving the index finger of the participant's right hand under the screen into a position 5, 12, 19, or 26 cm to the right of the mirror. The participant was then asked to begin tapping the fingers of both hands synchronously and symmetrically, at a rate of approximately 1-2 taps per second, until the experimenter said, ''reach.'' The Fig. 1 Experimental apparatus as seen from the experimenter's viewpoint participant then gazed towards the target position indicator, and reached forward with their right hand, attempting to place their right index finger on the target position directly below the indicator. The participants were instructed to make one smooth movement with their right hand and to reach to the target position as accurately as possible, leaving their index finger where they first touched the table until the experimenter had recorded their response. The participant's hand was then placed in the starting position for the next trial according to a predefined randomised sequence.
In the no-mirror condition, an opaque covering (a 45·30 cm piece of cardboard) was placed over the mirror, and participants were instructed to look at the covering as if they were looking through it towards a position 12 or 19 cm to the right of the mirror, corresponding to the position of their left hand. Participants were instructed to maintain that fixation position during the exposure period. No specific fixation point was provided, but small marks on the covering provided a number of consistent reference points, and the experimenter monitored their gaze direction throughout the experiment. The same gaze direction was adopted for all right hand positions.
Experiment 2
Forty-five participants were assigned sequentially to one of three experimental conditions: (a) mirror active, (b) mirror passive, and (c) no-mirror passive. There was only one left hand position (12 cm left of the mirror), in order to simplify the design. Within each condition, four right hand positions (5, 12, 19, and 26 cm), and three exposure durations (4, 8, and 12 s), were factorised and presented in randomised order within three blocks of trials. Six trials were performed for each combination of position and exposure duration (i.e. 6·3·4=72 trials per participant).
The procedure of experiment 2 was similar to that of experiment 1, except for the following. In the mirror active condition, participants tapped the fingers of both hands synchronously under visual guidance in the mirror. In the mirror passive and no-mirror passive conditions, participants were instructed to gaze at their left index finger in the mirror or at an equivalent location on the cardboard, respectively. In all conditions, participants were instructed by the experimenter to ''reach'' after 4, 8, or 12 s of exposure to the experimental condition, according to a randomised sequence.
Data analysis
The landing position of the right index finger was measured in one dimension only: the distance between the target position and the landing point measured perpendicular to the mirror (terminal error, x-dimension). Negative values indicated a landing point too close to the mirror, while positive values indicated a landing point too far from the mirror. All reaching errors were taken relative to the target positions at either 12 or 19 cm to the right of the mirror. In experiment 1, the terminal errors were analysed in a four-way mixed analysis of variance (ANOVA) using within-participant factors of left hand position (12 versus 19 cm), mirror (mirror versus no-mirror), and right hand position (5, 12, 19, or 26 cm) , and the between-participants factor target position (i.e. 2·2·4·2). Error data from Experiment 2 were analysed in a three-way mixed ANOVA with the within-participant factors of right hand position and exposure duration (4, 8, or 12 s), and the between-participants factor mirror (i.e. 4·3·3).
Results
Experiment 1
The results are presented graphically in Fig. 2 , and the ANOVA statistics for all the main effects and for significant interactions are presented in Table 1 . In all conditions, the mean reaching errors increased as the initial position of the right hand (the reaching hand) was moved further away from the target position, and in all cases, participants on average underestimated the distance to the target position from each initial right hand position. This general trend can be seen in Fig. 2 as the positive slopes of all graphs relating the initial starting position and the final end-point error of the right hand.
The relationship between the initial position of the right hand and the final reaching error was modulated by the presence of the mirror-reaching errors were significantly greater overall when the mirror was present compared to when it was covered. This effect is attributable to the influence of the mirror reflection of the participant's left hand on reaching movements made with the right hand, i.e. the visual bias of the initial position of the right hand. When the visually and proprioceptively specified positions of the right hand coincided (i.e. when both hands were positioned at either 12 or 19 cm either side of the mirror), reaching errors were close to zero and similar to those made in the no-mirror conditions. By contrast, when the left and right hands were at different distances from the mirror, the reaching movements of the right hand were biased away from the target position, depending upon both the direction and the magnitude of the visual-proprioceptive conflict.
The primary manipulation of experiment 1 concerned the relative position of the mirror-hand with respect to the target position. If the effect of the mirror was to degrade the participant's sense of the position of their reaching hand, forcing them either to guess where to reach or to implement some strategy such as ''reach straight ahead'', then there should have been no significant influence of manipulating the position of the mirror reflected left hand (i.e. the interaction between mirror and left hand position). If, by contrast, the visual image of the left hand exerted some directional influence on the felt position of the right hand (i.e. the two sources of positional information were integrated), then manipulating the position of the mirror-reflected hand should bias the reaching movements in different directions and to different extents. The results support the latter interpretation. While the graphs for the no-mirror conditions in Fig. 2 overlap considerably, those for the mirror conditions are distinct, the curve for the 12 cm left hand position being shifted in the vertical direction relative to the 19 cm position, corresponding to reaching movements shifted in a rightward direction overall. The interaction between the mirror condition and the left hand position was further modulated by the right hand position, demonstrating the effect of congruence between the visually and proprioceptively specified hand positions-when right and left hands were equidistant from the mirror, there was no differential effect of the mirror manipulation. Reaching movements were biased in all cases in a manner consistent with the directionspecific visual bias of proprioception, rather than with a non-specific degradation of position-sense.
Experiment 2
The results from experiment 2 are presented in Fig. 3 and Table 2 . Similar to the results of experiment 1, the average reaching errors in all conditions in experiment 2 constituted an underestimation of the distance to the target position from the initial right hand position, and this underestimation was much larger when the visually and proprioceptively specified hand positions conflicted.
Experiment 2 addressed the effect of the duration of visual exposure to the conflicting visual-proprioceptive information, and whether any effects of duration depended on active or passive visual exposure to the visual-proprioceptive conflict. The results were clear-cut. Reaching errors increased overall with increased exposure duration, and the effect of the right hand position depended significantly on the exposure duration, with longer durations leading to greater terminal errors when vision and proprioception conflicted. Passive exposure between 4 and 12 s in the no-mirror condition had no differential effect on reaching errors, but both active and passive exposure in the mirror condition had an exposure-duration dependent effect on reaching errors. Twoway ANOVAs performed separately on each mirror condition confirmed that only when the mirror was present did the interaction between right hand position and exposure duration reach significance [mirror-active, F(6,84)=9.00, P<0.001; mirror-passive, F(6,84)=5.29, P<0.001; no-mirror passive, F(6,84)=0.93, n.s.].
Finally, to assess the contribution of active versus passive visual exposure to the mirror-induced reaching errors, one additional three-way ANOVA comparing the mirror-active and mirror-passive conditions was performed. This ANOVA revealed a significant interaction between right hand position and mirror [F(3,26) Reaching errors increased with increasing exposure duration similarly in these two conditions.
Discussion
The present experiments were designed to clarify further the nature of the integrative process that produces reliable biases of reaching movements following exposure to mirror-induced visual-proprioceptive conflicts. Experiment 1 replicated the mirror-induced bias that had previously reported, and extended their findings to show that manipulating the position of the reflected hand (and thus the apparent initial visual location of the reaching hand) influenced reaching movements only when the mirror was present. This result provides further support for the assertion that the integration of visual and proprioceptive information specifically concerning hand location is responsible for the mirror-induced bias of the felt initial position of the hand, and its consequent effect on reaching movement accuracy. Experiment 2 demonstrated that the mirrorinduced bias increases gradually between 4 and 12 s exposure, and is stronger overall following active visuomotor experience of the conflict, compared to passive visual experience alone. Interestingly, however, while active visuomotor experience produced a greater bias of reaching movements, the effects of exposure duration between the two mirror conditions were not significantly different from each other. This latter result suggests the operation of two separate mechanisms in the production of mirror-induced visual bias of proprioception and subsequent reaching movements, involving both the type of conflicting information and the magnitude or duration of that conflict. The type of information concerning hand position available to the participants had a strong effect on subsequent reaching movements. Stronger visual bias effects followed active visuomotor exposure compared to passive visual exposure. We suggest that the sensorimotor feedback loop involving the production of movement commands (i.e. ''tap the fingers of both hands''), and the registration of the sensory consequences of those commands (i.e. ''feeling and seeing the fingers of both hands tapping'') is tightly coupled to the multisensory representation of the location of the hand itself. For the active conditions, we instructed participants to make bimanually symmetrical and synchronous tapping movements with the fingers of their two hands. This was probably not fully achieved by all of the participants for all of the time, and minor variations in the symmetry and synchronicity of the bimanual movements would have occurred. Examining the effect of synchronous and asynchronous movements of the two hands under these visual exposure conditions (cf. Franz and Packman 2004) , would help to dissociate the potentially confounding effects of increased efferent outflow, increased afferent inflow, and of increased multisensory/ sensorimotor correlation during active exposure on the final reaching errors: These three factors were present in the mirror-active condition, but not in the mirror-passive condition. Typically, proprioceptive information is more reliable under active as compared to passive conditions (Welch et al. 1979; van Beers et al. 2002; Chokron et al. 2004) , and one might expect perceived hand position to be less affected by discrepant visual information in the former case. During active bimanual finger movements, visual reafferent information would specify that the tapping movements as commanded by the participant took place, but that they took place in a different location to that specified by the incoming proprioceptive signals. Under these conditions, it appears that the apparent visual location is given a stronger weighting in determining the location of the hand, compared to the visual weighting under passive conditions. Note, however, that only the fingers of participants' hands were moved actively in the active exposure condition: active finger movements alone may not be sufficient to provide a reliable estimate of the position of the whole arm. With the present results, it is not possible to determine the absolute weightings of visual and proprioceptive information in the specification of the felt initial position of the hand, since measurements of perceived hand position were not explicitly taken. Only an indirect measure of the initial hand position-the terminal reaching error-was recorded, and this is subject to error corrections or other dynamic trajectory modifications that occur during the reaching movement itself . Whether such dynamic corrections take place during the reaching movement itself is an important issue to be resolved in future experiments.
In addition to the type or quality of visual information (i.e. active versus passive exposure), the duration of exposure also had a significant influence on the reaching movements. With increasing exposure duration, the terminal reaching error was increasingly biased towards the direction specified by the visual information (see also Wertheimer and Arena 1959; Efstathiou 1969; Welch 1971) . This duration-dependent bias was present only when the mirror-hand was visible, and was of similar magnitude in both active and passive exposure conditions. Duration-dependent directional effects of the delay between positioning the hand and the onset of a reaching movement to a remembered target location have been demonstrated before (e.g. Smyrnis et al. 2000) ; however, the influence of this factor was presumably approximately constant across all conditions in the present experiments, so cannot account for the effects shown here.
Our results support the idea of a gradual recalibration of hand position towards the visually specified location and away from the proprioceptively specified location during the mirror exposure period. There are two ways in which this re-weighting of visual and proprioceptive information could come about: Either the visual information becomes more reliable over time, or the proprioceptive information becomes less reliable over time. It is perhaps difficult to imagine how the visual information could have become more precise-the mirror was always present, and participants always viewed a clear image of their hand in good lighting conditions. However, the reliability of proprioceptive information is known to degrade over time, with proprioceptive ''drift'' occurring over very short timescales: The felt location of a hand held passively out of sight begins to drift after about 8-15 s, and brief visual exposure to the hand may then ''reset'' the felt location of the hand to the visually specified location (Wann and Ibrahim 1992; Brown et al. 2003) . The similarity in the timing of this reported drifting effect with the range of visual exposure durations studied in the present experiments suggests that proprioceptive drift may be the primary cause of the increasing reliance on the visually specified hand position reported here.
The present study raises an interesting issue concerning the integration of visual and proprioceptive information based not only on the precision of that information, but also on the type or quality of that information. In several previous studies of the specification of hand position prior to reaching movements, the visual marker for hand position consisted only of a small light or marker on a display screen in an otherwise dark room (e.g. Welch 1972; Rossetti et al. 1995; van Beers et al. 1998 van Beers et al. , 1999a van Beers et al. , b, 2002 Lateiner and Sainburg 2003; see Desmurget et al. 1997) . Furthermore, participants in these earlier studies were not always aware that the marker might sometimes provide inaccurate information concerning hand position (e.g. Rossetti et al. 1995; Lateiner and Sainburg 2003; see also Welch 1972) . Participants in our experiment were always aware that the well-illuminated arm seen reflected in the mirror was not necessarily in the same position as the arm behind the mirror, yet still their reaching movements were biased by the discrepant visual information. Whether the nature of the visual information provided to participants has any significant effect on the relative weighting of that visual information is a further important issue to be resolved in future experiments. It would be important to know, for example, whether the precision for localising a visually presented spot of light is greater or lesser than that for localising a seen body part (for example, the tip of a forefinger), and whether the participant's knowledge of the experimental manipulations and the identity or ownership of the seen body part may influence the reliance on that source of visual information (see also Welch 1972) .
The fact that the potentially inaccurate, but very precise (low in signal ''noise'') visual information seen via the mirror is integrated with increasingly imprecise proprioceptive information over a time scale of several seconds suggests that an automatic, unavoidable visual recalibration of proprioception is taking place, based on the apparent visual location of the hand (see also Desmurget et al. 1995) . Such a process is likely to be carried out by brain areas receiving both visual and proprioceptive information concerning body part location (e.g. area 5/superior parietal lobule, and the ventral premotor cortex: Grafton et al. 1992; Clower et al. 1996; Graziano 1999; Lloyd et al. 2003; Balslev et al. 2004; Ehrsson et al. 2004; .
In summary, we have shown that the visually specified location of a hand viewed in a mirror significantly biased the felt location of that hand, as inferred from the endpoints of subsequent reaching movements. This visual recalibration of hand position was greater under active visuomotor experience than under passive visual experience alone, and increased with increasing duration of exposure to the multisensory conflict. We suggest that this recalibration process depends upon multisensory interactions in brain areas such as the posterior parietal cortex and premotor cortex, which are sensitive to both the visually and proprioceptively specified position of the hands in space.
